A nonlocal optical model is used to analyze proton-nucleus scattering data for target nuclei with nucleon numbers ranging from 12 to 208 and for proton energies from 16 to 65 MeV. The real part is provided by a recently-formulated simplified RGM method called model K. The imaginary part is purely phenomenological, and is obtained by simply adopting the imaginary potentials determined previously by other investigators with the usual local optical model. The influence of the Perey effect is taken into account by the introduction of an energy-dependent multiplicative factor. The results show that, with minimal effort, a good agreement between calculation and experiment for both the differential scattering cross section and the analyzing power can be achieved. This indicates that model K represents a simple and realistic approach, and can be used to construct a global nonlocal optical model for the systematic study of all existing nucleon-nucleus scattering data. § 1. ·Introduction
The resonating-group method (RGM)Il,ZJ has been utilized over the last fifty years to explain the characteristics of nuclear structure and nuclear reactions. Especially in light nuclear systems where multiple cluster configurations have been adopted, 3 HJ it has been found that this method can yield very satisfactory results. On the other hand, because of computational complexities associated with the necessity of using totally antisymmetric wave functions and correctly taking into account the motions of the total center of mass, the application of this method to medium-and heavyweight nuclei has been limited to only a few selected systems_7l-nJ It is clear that, to extend the utility of this method, one must adopt simplifying assumptions in order to sufficiently alleviate the difficulties in' analytical and numerical computations. Recently, we have taken a first step in this direction by considering the general problem of nucleon-nucleus scattering. The simplifications made were to approximate target-recoil effects and omit various core-exchange terms. The resultant model, called model K (Ref. 12) , hereafter referred to as KLT), is then a simplified resonating-group method in which the internuclear interaction consists of only direct and knockon-exchange terms. The important point to note is that the expressions of these terms can be analytically derived without much difficulty, if the target nucleus is considered to be described by an antisymmetrized product of single-nucleon wave functions in a potential well which can have a harmonic-oscillator, Woods-Saxon/ 3 J or any other convenient shape.
Model K has been tested against exact RGM calculations in n +a, n + 16 0 and n+ 4°C a cases 12 J by comparing the results obtained for bound-state energies, phase shifts, differential scattering cross sections, and polarizations. From these comparisons, it has been determined 12 J that model K works well when the target nucleus has a nucleon number greater than about 10 and when the scattering energy is higher than about 10 MeV. Therefore, together with the fad that this model is also analytically and computationally simple, we are of the opinion that it can be used to make systematic and large-scale studies of all existing nucleon-nucleus scattering data which have hitherto been analyzed with local, energy-dependent optical-model potentials.
As a general study, we have used model K to examine the energy dependence of the internuclear equivalent local potential (ELP).
14 > Here it was found that, with this model, one can account for about· 85 % of the energy dependence of the empirically determined nucleon-nucleus local potentiaF 5 > at energies below about 40 MeV, indicating that the implicit energy dependence provided by the knockon-exchange term alone is already quite adequate. This suggests that, if model K is adopted to construct a global nonlocal optical model, then the real part of the interaction can be appropriately chosen to be explicitly energy-independent for energies up to about 40 MeV, thus reducing the number of adjustable parameters required in a systematic analysis of the scattering data.
Model K has also been used to analyze the scattering of neutrons by 12 C, 16 0,
28
Si, 32 S and 4°C a in the energy region from about 13 to 40 MeV. 16 > Together with the introduction of phenomenological imaginary potentials which have been determined previously by other investigators in their analyses with the usual local optical model, it was shown that satisfactory results can be obtained for both the differential scattering cross sections and the analyzing powers. This indicates, therefore, that · model K is a promising model of great simplicity and can be employed to extract important information which is implicitly contained in the experimental data of nucleon-nucleus scattering.
To further establish the usefulness of model K, we consider in this investigation the scattering of protons by a large variety of target nuclei from 12 C to 208 Pb and over a wide range of energies from 16 to 65 MeV. Here also, phenomenological imaginary potentials obtained by other investigators from local optical models will be incorporated into the formulation. As will be seen below, the agreement between calculation and experiment is again quite satisfactory, thus yielding convincing evidence that model K is a good candidate to construct a global nonlocal optical model for the analysis of all existing nucleon-nucleus scattering data.
The outline of this paper will be as follows. In § 2, we give a brief description of model K and discuss various parameter values to be used in the analysis. Section 3 is devoted to a comparison between calculated and experimental results for differential scattering cross sections and analyzing powers. Finally, in § 4, we discuss the essential fin<;lings of this investigation and make some concluding remarks. For convenience, the necessary expressions for the direct and knockon-exchange terms are collected together and given in the Appendix. § 2. Formulation
2.L Brief description of model K
The formulation of model K is carefully explained in KL T; hence, only a brief description will be given here. As was discussed in KL T, the main advantage of model K is that the general expressions for the nuclear-central, Coulomb and spinorbit parts of the nucleon-nucleus nonlocal potential can be analytically derived without much difficulty. For a target nucleus consisting of nucleons in various subshells, both the direct and the knockon-exchange terms turn out to be conveniently expressible as a sum of contributions from individual subshells. The expressions for these contributions can be easily obtained when the subshells are closed. In KLT, we have given the explicit expressions in the case where· the single-nucleon wave functions are generated from a harmonic-oscillator potential well with a width parameter a. Only lower subshells with (n/)=(00), (11) , (20) and (22) are considered there, where n and l denote the .number of oscillator quanta and the orbital angularmomentum quantum number, respectively. In the Appendix, we complete the task by listing the expressions for all relevant (nl)-subshells, with (nl) up to (66). With this Appendix, one should be able to study all nucleon-nucleus scattering cases of physical interest.
When the target nuclei have subshells which are not completely filled, the expressions given in the Appendix cannot be immediately applied. In such cases, the proper procedure is to derive, within the framework of model K, the expressions for the direct and knockon-exchange terms by using target-nucleus wave functions which have the appropriate proton and neutron configurations to yield the observed properties for the ground states of these nuclei. This can be straightforwardly carried out, but will result in a rather lengthy analytical derivation. In addition, such a procedure has to be individually performed for each target nucleus under consideration, thus destroying the important features of simplicity and generality for model K. Therefore, upon careful deliberations, we have decided to adopt a simple approximation, called the spherical approximation, to treat the cases involving non-closedsubshell target nuclei. 16 > In this approximation, what one does is to simply multiply the closed-subshell expressions in the Appendix by a factor equal to Cnz/Nnt, where Cnt and Nnt denote the occupation number of nucleons in the (nl) subshell and the nucleon capacity of an (nl) subshell, respectively. The rationale for making this approximation has been discussed previously. 16 > In a crude way, one can say that the spherical approximation amounts to omitting the intrinsic deformation of the target nucleus, but treating it as a spherically symmetric system. Macroscopically, the use of the local spherical optical model (SOM; see, e.g., Ref. 17)) to perform systematic analyses of a large body of nucleon-nucleus scattering data can be considered to be acting in the same general spirit.
The spherical approximation has been applied to our previous study of neutronnucleus scattering/ 6 > and no significant problems have been detected. Therefore, for the purpose of preserving model K as a simple model suitable for large-scale studies, we shall also use this approximation in the present case of proton-nucleus scattering.
Nucleon-nucleon potential
The expressions in the Appendix are derived with the basic nucleon-nucleon potential given by Eq. (1) of KLT, which has a single range parameter K in its nuclear·central part. In the actual calculation, however, we have used the more realistic Minnesota or MN potential given by Eq. (65) of KLT. Although this latter potential has a somewhat more complicated nuclear-central part than the basic nucleon-nucleon potential used in the Appendix, we should emphasize that this does not cause any problem and the calculation can still be readily carried out by making only trivial modifications.
The MN potential contains an exchange-mixture parameter u in the nuclearcentral part, and a depth parameter VA and a range parameter A in the spin-orbit part. For simplicity, we have adopted in our calculation a reasonable zero-range approximation for the spin-orbit potential by letting A approach infinity. 18 to assume that J, is system-independent and the same value of 50 MeV-fm 5 can be adopted for nucleon scattering by any target nucleus which meets the nucleon-number criterion of model K.
The proton-scattering systems considered in this investigation are P+ The situation in the Ep=65 MeV case is somewhat different. Here, a previous investigation 14 > showed that, at energies higher than about 40 MeV, the volume integral per nucleon pair of the WKB-constructed ELP obtained using the MN potential with a constant value of u does not decrease rapidly enough in comparison with that of the real-central nuclear part of a recently obtained global nucleon-nucleus local optical-model potential, called the CH89 potential. 15 > The reason for this discrepancy is probably that the repulsive core contained in the MN potential is somewhat too weak. To crudely correct this defect, one can use the simple procedure of letting the exchange-mixture parameter u be progressively smaller as the energy becomes higher than 40 MeV. Therefore, at Ep=65 MeV, we shall use u-values which are smaller by 0.02 than those adopted at Ep=16 and 40 MeV.
Target-nucleus wave functions
Wave functions of the target nuclei are obtained by filling up successive (nl) subshells. For 12 C, 4°C a, 58 Ni, 90 Zr, 124 Sn and 208 Pb, the proton and neutron configurations used in the calculation are as follows:
Proton or neutron configuration: (00)2(11) 4 (ii) 4oca
Proton or neutron configuration: (00)2 (11) 6 (22)1° (20) Next, we discuss the choice of width parameters for the harmonic-oscillator potential wells which generate the single-proton and single-neutron wave functions. For this choice, it should be mentioned that, in model K, there is the flexibility of using different width parameters for the proton and neutron wells. This is obviously a desirable feature, because one can then have the freedom of fitting both the proton and the neutron rms radii of the target nucleus. In our study, the width parameters O:p of the proton well and O:n of the neutron well will be chosen by using empirical or theoretical information on nucleon density distributions in nuclei. 
Nonlocal optical model
The proton-nucleus scattering data will be analyzed by using a nonlocal optical model in which the real part of the interaction is provided by model K. As is discussed in the preceding section, this real potential is almost entirely obtained by microscopic means, except for the phenomenological adjustment of the exchangemixture parameter u at a single anchor case of P+ 208 Pb. The imaginary part of the interaction will be chosen in a very convenient manner. Since the main purpose of this investigation is not to obtain detailed fittings of the experimental data, but to study the general utility of model K in providing the real part of the internuclear interaction, we shall simply adopt, for a particular system and at a given energy, an imaginary part of the form
where Wopt(R) represents the phenomenological imaginary potential already obtained by other investigators in their analyses of the experimental data with the usual local optical model, and Cp is a multiplicative factor to be called the Perey factor. The introduction of this latter factor is necessary, since it has been found that, in the region of strong interaction, the magnitude of the relative-motion wave function in a nonlocal potential is consistently smaller than that determined from a phaseequivalent local potential (i.e., the so-called Perey effect 23 H
>).
The procedure to determine the Perey factor is described in Ref. 16) and, hence, will not be further described here. In our analysis, the values adopted are Cp=1.18, 1.10 and 1.05 at Ep=16, 40 and 65 MeV, respectively. As has been mentioned previously/6> the finding that CP decreases with energy and converges toward unity is a simple reflection of the fact that, as the energy increases, the knockon contribution, responsible for the nonlocal part of the real interaction, becomes effectively weaker in relation to the direct contribution which is represented by a totally local potential (see, e.g., Ref. 26) ). The parameters used are those given in Table IX of the reference. In Figs. 1 and 2 , we show the comparisons between calculated and experimental results for ratio-toRutherford differential scattering cross sections a/aR and analyzing powers Ay, respectively. To judge these comparisons, one should keep in mind that, with the real and imaginary parts determined as described above, there are no adjustable parameters in the nonlocal model. The fits to experiment shown in these figures are just straightforward consequences of the calculation, and no attempts in fine tuning have been made to improve the agreement with measured results.
Analysis with imaginary potentials of Blumberg et at.
The 27)). Considering the fact that our real interaction comes from a well-defined microscopic model, we are indeed gratified to find such a satisfactory degree of agreement between theory and experiment. The most unfavorable comparison occurs in the Ay-case of P+ 12 C scattering where a light target nucleus is involved. As is seen from Fig. 2 , the oscillatory feature of the experimental data is reasonably reproduced, but there is clearly no detailed agreement. The reason for this is not entirely clear to us at this moment. The nucleon-number criterion for the validity of model K, as stated in the Introduction, was based mainly on comparisons between exact RGM and model-K differential cross-section results. Since it is well known that the analyzing power is more sensitive to· the details of the model than the differential scattering cross section, it is likely that the nucleon-number criterion is not quite stringent enough as far as the analyzing power is concerned. However, this may not be the real reason for the discrepancy. It iis possible that even an exact single-configuration RGM P+ 12 C calculation may fail in yielding an appreciably better agreement with experiment. In other words, there is the likelihood that the process of inelastic excitation to 12 C excited states may turn out to have a significant influence on the characteristics of P+ 12 C elastic scattering. In any case, it seems to us that the P+ 12 C system is a challenging problem, and that a multi-configuration RGM study, formulated along the line of Ref. 5) , is certainly a project worth pursuing.
Analysis with the imaginary part of the global optical-model potential CH89
To explore the possibility of using model K to construct a global nonlocal optical model, we have also analyzed the proton-nucleus scattering data with the imaginary part of the global local optical-model potential CH89. 15 > Our plan was to simply adopt this imaginary part as WaPt in our calculation and consider the experimental data 15 >' 27 >.zs> at Ep=16, 40 and 65 MeV. However, a preliminary study shows that this simple plan needs a slight modification. Since the imaginary part of the CH 89 potential is specifically designed to work together with its own real part, its use with our model-K real potential indicates that it is too large by about 10 %. Thus, in the final analysis, we have instead used an imaginary potential WaptWhich is equal to 90 % of the CH89 imaginary part. From these comparisons, one finds that the quality of fit to experimental data is comparable to that achieved with the CH89 potential. Considering that our results are obtained with no parameter adjustments, we are convinced that it is possible to construct a high-quality nonlocal optical model with model K providing its real part and with a phenomenological imaginary part which is adjusted to yield best fits with experiment. The important advantage of such a model lies, of course, in the fact that only a rather small number of adjustable parameters will be involved and, hence, the model can be constructed with moderate effort. § 4.
Conclusion
In this investigation, we analyze proton-nucleus scattering data for target nuclei with nucleon numbers ranging from 12 to 208 and for proton energies from 16 to 65 MeV. The internuclear potential used is nonlocal, with its real part provided by a recently formulated simplified RGM method called model K.
12 > The imaginary part is purely phenomenological and is obtained by simply adopting the imaginary potentials that have been determined previously by other investigators in their analyses with the usual local potential model. The influence of the Perey effect is taken into account by the introduction of an energy-dependent multiplicative factor. The results show that, with a minimal amount of computational effort, one can obtain a good agreement between calculation and experiment for both the differential scattering cross section and the analyzing power. This indicates that the microscopic model K, with its proper consideration of nucleon-exchange effects, represents a simple, but realistic approach, and can be used to systematically study the important features associated with nuclear scattering.
Together with our successful analysis of neutron-nucleus scattering data reported previously/ 6 ) we feel certain that model K can be used to play a central role in the construction of a global nonlocal optical model for the study of nucleon-nucleus scattering problems. It is our expectation that, with only a relatively small number of adjustable parameters, such a model can succeed in fitting the large body of scattering data that have recently been considered with the global local optical model CH89. 15 l This should be a significant advance, because it will help to achieve the important aim of eventually understanding the microscopic foundation of macroscopic physics.
Also because of the success of this investigation, we are now prepared to expand the horizon of model K into other areas of interest. What we have in mind is to apply the philosophy of model K to study microscopically the process of deuteron stripping by medium-and heavy-weight nuclei. This should clearly be an interesting problem, in view of the recent finding 5 l that one-nucleon-transfer processes have, in general, large transition amplitudes. To study this type of reaction processes, one must, of course, first have a clear understanding of the deuteron-nucleus scattering problem within the framework of model K. Although this may seem to be a relatively simple project, the composite nature of the deuteron cluster could create some analytical difficulties. However, we do not anticipate these difficulties to be unsurmountable and, therefore, are actively planning to pursue this project in the near future. 6 ] 5. Knockon-exchange Coulomb and spin-orbit kernel functions The expressions for these kernel functions are discussed in KL T.
